Abstract: The embryonic epicardium is formed by the spreading of cells derived from the extracardiac proepicardial organ over the myocardial surface after transfer to the dorsal side of the myocardium via a bridge of villous projections.
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Abstract: The embryonic epicardium is formed by the spreading of cells derived from the extracardiac proepicardial organ over the myocardial surface after transfer to the dorsal side of the myocardium via a bridge of villous projections.
Using whole-heart immunostaining for keratin, we found that the chronology and pattern of epicardial formation in the chick was basically identical to that reported previously in the quail. However, discrete epicardial islands were observed on the ventrolateral surface of the atrioventricular canal as well as in two previously reported areas. Closer examination by scanning electron microscopy demonstrated the presence of isolated, sparsely distributed epicardial cell clusters on both the dorsal and ventral surfaces of the myocardium. These cells showed a surface morphology similar to that of the epicardial cells at the advancing edge of the spreading epicardial sheet and possessed numerous well-developed filopodia, suggesting active motility. These clusters are probably seeded onto the myocardium by vesicular transport from proepicardial villi, and our findings suggest that the resulting small, localised patches of epicardial cells might accelerate, supplement and tune the epicardial formation mediated by radial spreading of the epicardial sheet in the chick embryonic heart. (J. Oral Sci. 43, 109-116, 2001)
Introduction
The long-standing controversy over whether the embryonic epicardium is derived from the so-called epimyocardium or from newly formed epithelium produced by the spreading of extracardiac mesothelial cells was concluded by excellent electron microscopic studies performed by Manasek in the late 1960s (1) (2) . It has since been unequivocally shown that, in the embryonic hearts of humans (3), other mammals (4-6) and birds such as the chick (7-9) and the quail (10, 11) , epicardial cells derived from the extracardiac proepicardial organ spread over the myocardium and eventually ensheath the entire cardiac surface. The migration of proepicardial mesothelial cells to the myocardium takes place in a very peculiar way: antecedent mesothelial cells are transferred from the ventral pericardial lining to the myocardial surface along the entire length of the pericardial coelomic cavity either by villous projections from the proepicardial organ or by vesicular transport. The epicardial progenitor cells of avian species appear to be transported by a continuous bridge of villous projections (8) (9) (10) , while those of the mouse and the tree-shrew are transferred mainly by freelydischarged cellular vesicles (5, 6) . Because of this, the epicardium of the chick embryo begins to form in a limited area on the dorsal surface of the developing heart, then spreads radially (8, 11 were placed in glycerol and examined under a dissecting microscope (SMZ-10A; Nikon) equipped with a camera (H-III/FDX-35; Nikon). Some of the specimens were treated with 1% saponin in 0.1 M phosphate buffer (PB, pH 7.3) before staining with the anti-keratin antibody. These were then incubated in a 1:350 dilution of peroxidase-congugated goat anti-rabbit IgG (ICN) and subsequently in 0.05 M Tris--HCl (pH 7.6) containing 0.1% diaminobenzidine (Sigma) and 0.01% H2O2. These specimens and the relevant controls were postfixed in 1% 0504 in PB for 1 h at room temperature, dehydrated in graded alcohols and propylene oxide, and embedded in Spun's low-viscosity resin (13) . Sections with and without toluidine blue staining were examined at a light microscopic level.
Scanning electron microscopy
Embryos (n=42) at stages 15-21 were fixed in 2.5%
glutaraldehyde in PB and rinsed briefly. The hearts of approximately half of the fixed embryos were removed at this point for observations of their dorsal surface. The remaining half of the embryos were processed for ventralside observations of their hearts. The embryos and their detached hearts were postfixed in 1% 0504 in PB for 2 h at room temperature. Both sets of specimens were dehydrated in graded alcohols and isoamyl acetate, then critical-point-dried in a Hitachi apparatus (HCP-2). After mounting on a supporting column, the specimens were coated with gold-palladium in a sputter coater (VX-10A; Eiko) for 5 min and investigated using a Hitachi H700 fieldemission scanning electron microscope operated at 15 or 20 kV.
Results

Epicardial formation as revealed by keratin staining
Immunohistochemical staining of the whole hearts of the chick embryos with the anti-keratin antibody allowed the temporal sequence of epicardial formation to be visualized. Sectioning of the stained hearts also confirmed the specificity of the anti-keratin stain to the epicardial cell layer (Fig. 1) . Although slight interindividual variations in the topography of the advancing epicardial sheet were apparent, the timing and pattern of coverage of the outer surface of the myocardial wall was virtually identical to that demonstrated in the quail using the same whole-heart keratin-staining process (11) and thus will not be described here in great detail.
Briefly, initial attachment of the extracardiac proepicardial organ to the dorsal myocardium was seen at stage 17/18. Epicardial cells then spread radially from the attachment site to ensheath first the atrioventriulcar (AV) canal, then the ventricle and finally the outflow tract (OT).
The formation of three definite epicardial rings, as reported for the quail heart (11), was also observed; the first of these was in the AV canal, the second in the transitional zone between the proximal and distal OT and the third in the distal-most part of the OT. It is noteworthy that we observed a discrete epicardial island on the ventrolateral surface of the myocardium, between two edges of advancing epicardium in the AV canal (Fig. lb, c) , in addition to the islands previously reported in the areas of the ventral side of the OT soon to be covered by the two epicardial rings (11) .
Advancing edge of the epicardium The advancing edge of the epicardium was clearly discernible on scannining electron microscopy during the early phase of epicardial formation. The surface characteristics of the bare myocardium and the spreading epicardium were clearly different (Fig. 2) . The surfaces of the myocardial cells were relatively flat and many microvilli were observed along the cell boundaries. Short microvilli with globular heads were also encountered on the flat surfaces of the myocardial cells. By contrast, the epicardial cells had a bulged surface, consistent with the observations of the sections (Fig. le-g ). The surfaces of the epicardial cells were smooth and carried fewer microvilli, except for those at the front of the advancing edge, which possessed more microvilli than the myocardial cells.
At the advancing edge, numerous well-developed filopodia were observed, together with a smaller number of easily distinguishable lamellapodia (Fig. 2) . The filopodia Cell clusters found during epicardial formation The epicardial islands on the surface of the myocardium were not exclusively epicardial cells breaking away from the advancing edge of the spreading epicardium, since isolated clusters of epicardial cells were occasionally observed on the surface of the bare myocardium. Seemingly similar cell clusters were also found on the spreading epicardial cell layer. Figures 3 and 4 show examples of such cell clusters.
The epicardial cell cluster shown in Fig. 3 was situated on the dorsal myocardial surface near to the conotruncal boundary, some distance away from the advancing edge of the epicardium. The cluster consisted of 10-20 epicardial cells with surface characteristics similar to those of the epicardial cells at the advancing edge. The cells in this isolated cluster had many filopodia and some lamellapodia extending onto the underlying myocardial cells. The development of these cytoplasmic processes was most marked on the side facing away from the spreading epicardium, which was approaching the cell cluster from its initial attachment site (Fig. 3c, d ). This suggests that the cluster was moving in a distal direction. The isolated epicardial cluster was also located far from the initial attachment site of the proepicardial mesothelial villi to the dorsal myocardium. At this stage of development (stage 18), the attachment site had no epicardial covering (asterisk in Fig. 3a) because the epicardium was still closely associated with the mesothelial villi and was frequently removed by mechanical disturbance during preparation of the specimens for dorsal-side observations.
The cell clusters in the proximity of the initial attachment site of the proepicardial villi had a globular appearance and sat on the myocardium. One such cell, found at the inner curvature of the developing heart in a stage 19 embryo, is shown in Fig. 4b . The cells in this type of cluster had no apparent cell processes extending onto the myocardium, and these clusters were therefore considered to be the tips of villi which had been torn from their stems and had adhered to the myocardium as suggested previously (8) .
Epicardial cell clusters with well-developed filo-and lamellapodia were also seen on the ventral surface of the developing heart. The ultrastructure of one such cell, found on the ventricle at stage 19, is shown in Fig. 4c . Because the ultrastructure of the advancing edge could not be clearly seen in this region, it was uncertain whether these epicardial cells were isolated from the edge or related/connected to it. However, these epicardial cells did form a definite cluster and possessed cytoplasmic processes. In addition, a single epicardial cell with prominent cytoplasmic processes (asterisk in Fig. 4c ) and a similar single cell without processes (arrows in Fig. 4a , c) were observed on the ventral surface of the heart. Discussion Although epicardial formation is achieved by vesicular transport in the mouse (4,5) and the tree-shrew (6), the epicardium in the chick and the quail is reported to be formed by continous radial spreading of epicardial cells transferred to the surface of the dorsal myocardium via proepicardial villous projections (8, 11) . Using a computeraided reconstruction technique, Hiruma and Hirakow (8) calculated the surface area of the chick heart covered with epicardium at various stages and suggested the growth rate of the epicardium was relatively constant. Our present results are in general agreement with those of previous studies and support the idea that "spreading" is the major mechanism underlying epicardial formation in the chick. However, we observed isolated clusters of cells with characteristics similar to those of epicardial cells at the advancing edge of the spreading epicardium in addition to epicardial islands in the three defined areas of epicardial ring formation.
Among the cell clusters that we observed, some (such as those in the vicinity of the initial attachment site of the proepicardial villous projections as observed in Fig. 4b) were situated on the epicardial cell layer and had no evident cytoplasmic processes. We consider these clusters to be the tom-off tips of villous projections, and these correspond to the cell aggregates referred to as "patches" in a previous study (8) . On the other hand, the cell clusters observed on the surface of the myocardium, well away from the advancing edge of the epicardial sheet (Figs. 3b-d and  4c) , are likely to be epicardial cell populations which are actively participating in the formation of the epicardial covering. Indeed, the ultrastructural features of these cell clusters closely resembled those of the cells transported by vesicles onto the surface of the myocardium in mice (5) .
The interpretation of epicardial formation as a vesicle transport model, as in the mouse, may lead to the erroneous idea that epicardial formation takes place at random on any part of the surface of the myocardial wall, but this is not the case. Epicardial formation via vesicular transport in the mouse largely follows a temporally-regulated pattern (4, 5) , suggesting that transport of the epicardial progenitors by the vesicles does not occur at random, probably because of the spatial configuration of the developing heart as a looped structure within the pericardial cavity. Although we cannot exclude the possibility that some of the epicardial cell clusters sitting on the myocardium are being conveyed distally as the epicardial sheet spreads, other such clusters are definitely isolated from the spreading epicardium and can even be found on the ventral surface of the myocardium, at a considerable distance from the initial attachment site of the proepicardial villous projections. Thus, some vesicular transport of epicardial cells appears to occur in the chick.
Manner reported that experimental perturbation of the continuous villous bridge between the proepicardial organ and the dorsal wall of the myocardium altered the migration of epicardial cells and the subsequent pattern of epicardial formation (14) . His results also imply that the myocardium in regions not normally covered by the initial epicardial sheet has sufficient affinity for the attachment of epicardial cells to allow their migration. In the present study, we observed that the isolated epicardial cell clusters extended many filopodia, indicating established contact between these cells and the myocardium as well as the migratory potential of the epicardial cells in the clusters. It has been shown that, when inoculated onto a plastic surface or an artificially-reconstituted collagen lattice, endocardial cells with migratory properties develop many more filopodial cytoplasmic processes (15) than those in a threedimensional in vivo milieu (16) . Therefore, the development of lamellapodia and numerous filopodia by the epicardial cell clusters indicates an activated motility state. It is probable that the isolated epicardial cell clusters eventually fuse with each other or are incorporated into the advancing edge of the spreading epicardial sheet. Although it remains to be clarified whether these isolated clusters of epicardial cells contribute to the formation of discrete epicardial islands, the small, localised patches of epicardial cells produced by these clusters may well accelerate, supplement and tune epicardial formation mediated by radial spreading in the embryonic chick heart.
